Purpose To identify the role of both genetic (number of CGG repeats in the FMR1 gene) and autoimmune factors (antiovarian antibodies) in premature ovarian failure (POF). Methods In cross-sectional study, 78 women with POF were divided into 3 groups by the number of CGG repeats (less than 28, 28-36, more than 36) in any of the FMR1 gene alleles. We performed the detection of skewed Xchromosome inactivation, CGG repeats in the FMR1 gene, anti-ovarian antibodies (AOA) and sex hormones tests. Results Compared to a higher or lower number of CGG repeats the 28-36 triple CGG counts are strongly associated with the AOA detection (RR=19.23, 95 % CI=2.63-100.0). The women with autoimmune-driven POF have significantly higher anti-Mullerian hormone levels in comparison to women with non-autoimmune-driven POF. Conclusion The presence of AOA above 10 IU/mL is associated with the normal number of CGG repeats in regard to ovarian reserve and a better preservation of follicular primordial pool in the women with POF.
Introduction
Premature ovarian failure (POF) is one of the most mysterious diseases of the reproductive system. It is characterized by secondary hypergonadotropic amenorrhea in women under 40, and affects about 1-2 % of women [20] . Currently, there are no prognostic criteria for POF. The modern markers of ovarian reserve allow the evaluation of preantral and antral follicles counts, but not the individual primordial pool [10] . Hormonal and biochemical tests do not show the monthly follicle loss and thus do not indicate the true biological age of ovaries. The search for new molecular and biological markers, which can help to forecast the rate of ovarian ageing and their premature failure, is on the international medical agenda.
POF is believed to result from various epigenetic and genetic factors. In most cases, premature ovarian senescence is associated with the X chromosome abnormalities. The X chromosome inactivation is the inactivation of one out of the two X chromosomes in female somatic cells [15] . The X chromosome structural abnormalities, such as large deletions and unbalanced translocations, may result in the skewed patterns of the X chromosome inactivation (SXCI) with the abnormal inactive X chromosome in the most cells of the organism. The SXCI can be associated with idiopathic POF [15] . Initially, the damage of the long arm of the X-chromosome, particularly the FMR1 (fragile mental retardation) gene premutation with number of CGG repeats of more than 55, was considered the main cause of POF [2, 6, 22] . Later, lower CGG counts were associated with POF as well [12] . The CGG counts of 26-34 (median 30) indicate the normal ovarian function and its timely switching off [4, 11] .
However, POF does not always result from genetic abnormalities. We have found that 45 % of POF patients have the CGG counts of 26-34, that rules out the genetic origin of the disease [16] . The analysis of several POF cases suggests an underlying autoimmune origin of the disease [8] . The clarification of ovarian ageing causes in this group of women was the rationale for the more in-depth clinical and laboratory investigation.
The objective of the study was to identify the role of genetic (CGG repeats in the FMR1 gene) and autoimmune factors (anti-ovarian antibodies) in premature ovarian failure.
Materials and methods
In September, 2009 -December, 2011, we recruited 78 women with POF to participate in the study. The inclusion criteria were: age under 40, desired fertility, the presence of secondary amenorrhea, and two serum FSH levels higher than 40 IU/L, measured with a month interval. All subjects gave written informed consent for participation in the study. The study design was crosssectional with one-time measurements. The genetic testing was performed in the molecular genetics laboratory of the FMSMU with the genetic analyzer АВI3100. The skewed X-chromosome inactivation was detected by methyl-sensitive quantitative fluorescent polymerase chain reaction (PCR) of CAG repeats in exon 1 of the AR gene [1] . The size of PCR product from each allele was analyzed by Gene Mapper v.3.5 software for the quantification of peak area. Differences in size ratio of the heterozygous two-peak patterns suggested skewed XCI. XCI status was classified as random (XCI<70 %), or skewed (XCI≥70 %) [17] . The FMR1 gene examination included detection of CGG repeats in 5′-nontranslating region of exon 1 of this gene. Gleicher et al. [11] and other colleagues [4, 9] have defined the number of CGG repeats of 26-34 as normal in regard to ovarian function, however the Russian population was not presented in these studies.
We calculated the reference for CGG repeats by box and whisker plotting using the data of 364 apparently healthy women from the European part of Russia. These women were admitted to the FMSMU for routine examinations. They had regular periods, normal menstrual and obstetrical history. Their mean age was 42.3±0.9 years/range 40-49 years and therefore, they did not have POF. Half of the women had CGG counts of 31-33 (median 32). Addition and subtraction of 1.5-times interquartile range to the upper and lower quartile respectively formed the non-outlier range of 28-36 triple CGG repeats, which was used as the reference value in respect to normal ovarian function ( Fig. 1) .
According to the number of CGG repeats in any FMR1 gene allele (allele 1 with lower number, allele 2 with higher number of repeats), the POF patients were divided into 3 groups:
& Group А -women with allele 1<28 triple CGG repeats, n=24; & Group В -women with allele 1≥28 and allele 2≤36 triple CGG repeats, n=33; & Group С -women with allele 2>36 triple CGG repeats, n=21.
The investigation of the patients included physical examination, hormone and anti-ovarian antibody tests, and ultrasound imaging. The hormone testing was performed in the hormone laboratory of the RCOGP on blood samples, using the commercial assays: anti-Mullerian hormone (АМH) ("AMH Gen II enzyme-linked immunoabsorbent assay The statistical analysis was performed with Statistica 10 software (USA). The two-sided p<.05 was considered to indicate statistical significance. The continuous data were tested for normality and presented as mean±standard deviation (M±SD) with the evaluation of statistical significance between the 2 groups by t-test if normally distributed, or by Wilcoxon sum rank test if abnormally distributed, and between the 3 groups by Kruskal-Wallis test. The categorical data were presented as percentages and assessed by χ 2 test. The measure of association was risk ratio (RR)±95 % confidence interval (CI).
The study was approved by local IRB.
Results
We examined 78 patients with POF who met the inclusion criteria. The age of the patients was 33.2±5.86 years/range 19-39 years. The main complaint was secondary amenorrhea (range 7 months -13 years) and infertility (100 % of women).
The duration of amenorrhea in the group A was 4.7 ±3.6 years, in the group B -3.1±2.3 years, in the group C -4.5±4.6 years (р>0.05), with start-up at the age of 27.9±7.1, 30.0±7.4 and 30.3±5.8 years respectively (p>0.05). The patients had the high incidence of mumps (27.3 %, 45.7 % and 38.1 %) and rubella in childhood (27.3 %, 48.6 % and 23.8 %) (p>0.05).
The family history was burdened by high autoimmune morbidity in the relatives (18.2 %, 22.9 % and 9.5 % in the groups A, B and C respectively, (p>0.05)). The premutation of the FMR1 gene was identified in 4 of 78 patients (5.1 %), and SXCI -in 19 of 78 patients (24.3 %). In the group А, 9 patients had SXCI (37.5 %); all patients had the triple CGG counts below 28. In the group С, 5 patients had SCXI (23.8 %); all patients had the triple CGG counts above 36. Thus, the premature ovarian senescence in the groups A and C was primarily genetic stipulated (100 % of patients had the CGG counts outside of the reference range in respect to normal ovarian function) or could also result from epigenetic origin (31.1 % of patients in the groups A and C). In the group B, 5 patients had SCXI (15.1 %), and all women had the CGG counts in the range of 28-36. The average number of repeats in allele 1 was 21.58±1.76 (range [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] The anti-ovarian antibodies above 10 IU/mL were detected in 1 of 24 patients in the group A (4.16 %), in none of 21 patients in the group C, and in 14 of 33 patients in the group B (42.4 %) (р < 0.0001). In 14 women of the group B (42.45 %), the cause of POF was not identified as they did not have SCXI or AOA above 10 IU/mL. Thus, the autoimmune pathology was significantly more often observed in the women with 28-36 CGG counts compared to those with higher or lower CGG counts (RR = 19.23, 95 % CI =2.63-100.0). The average number of CGG repeats in allele 1 in the women with autoimmune anti-ovarian antibodies was 31.3±2.02 compared to 28.5±6.39 in the women with no autoimmune pathology (p = 0.0405). The average number of CGG repeats in allele 2 was 32.9±1.14 and 34.7±8.05 respectively in these groups of women (р = 0.7854). Hereby, the women with autoimmune-driven POF had significantly higher CGG counts in allele 1 and lower CGG counts in allele 2 of the FMR1 gene.
AMH concentration was significantly higher in the group B compared to the other groups of the women (0.07±0.08, 0.19± 0.31, 0.05±0.06 ng/mL respectively, (p=0.0027)) (Fig. 3) . In the 15 patients with anti-ovarian antibodies, AMH concentration was higher than in the other patients with POF (0.26± 0.36 ng/mL vs. 0.08±0.15 ng/mL respectively, (р=0.0035)). AMH is an accurate marker of the ovarian reserve. The relatively high concentration of AMH in the women with autoimmune-driven POF can be explained by a better preservation of primordial pool of follicles [14] . However, the FSH concentration, which indicates the ovarian function, did not differ significantly in the groups of the patients (113.8±37.8, 109.4±32.04, 103.02±40.7 IU/L in the groups A, B and C (p= 0.5356); 115.02±29.5 vs. 107.6±37.5 IU/L in the groups with autoimmune and non-autoimmune-driven POF (p=0.4776)). The testosterone concentration was significantly lower in the patients with autoimmune-driven POF (0.84±0.41 vs. 1.29± 0.67 nmole/L, (p=0.0151)), and in the patients with 28-36 triple CGG repeats compared to the other groups (1.66±0.54 nmole/L in the group A, 0.89±0.52 nmole/L in the group B, 1.17±0.68 nmole/L in the group C, (p=0.0001)) ( Table 1) . This may result from the selective autoimmune damage of theca cells as opposed to granulose cells of the ovaries [14] .
Discussion
Both autoimmune and genetic disorders can cause POF [5, 8, 14] . Autoimmune disorders are usually left undetected and are not considered to be a cause of female infertility. The genetic mechanism of POF is explained by the translation of peptide of the FMR1 gene and depends upon the number of triple CGG repeats [11, 12] . The FMR1 gene is located on the long arm of the X chromosome in the Хq27.3 locus. The number of copies of trinucleotide repeats increases during gametogenesis. Sullivan et al. [18] showed on mice models that the premature ovarian ageing was commonly caused by excessive transcription of the FMR1 gene product (2005). Gleicher et al. [11] found that both excessive and reduced numbers of CGG repeats in the FMR1 gene contributed to the development of POF. In our study, 42.3 % of women with POF had the number of CGG repeats in the range of 28-36. This range was considered normal in regard to ovarian reserve according to the data of the cohort of women with no signs of POF from the European part of Russia. We assumed that women with the number of CGG triple repeats in the range of 28-36 had a non-genetic cause of primordial pool premature exhaustion.
The autoimmune process involving the ovarian tissue is triggered by various agents: viruses, bacteria, or self-ovarian antigens. The mumps and rubella viruses are well known triggers of autoantibodies production. According to Fenishel et al. [8] , up to 30 % of POF cases are of autoimmune origin. In our study, the patients with POF had a high infection index. The incidence of mumps was 38.5 %, of rubella -35.9 %.
AOA are specific antibodies, which can damage the ovarian tissue [7] . We detected antibodies to the ovarian tissue in the 15 women with POF (19.2 % of cases). The interesting finding was the association between the numbers of CGG repeats in the FMR1 gene and presence of antiovarian antibodies. The 28-36 CGG counts were associated with the high rate of anti-ovarian antibodies detection (42.42 % of cases in the group B) as compared with the higher or lower CGG counts (2.2 % in the groups A and C), (RR=19.23, 95 % CI=2.63-100.0). We found that the patients with POF can be divided into two groups based on the presence or absence of anti-ovarian autoantibodies: the women with or without autoimmune disorders. The women from the first group had the number of CGG repeats in the range of 28-36. They had the mild form of POF, manifested by a minor decrease of AMH (0.26±0.36 ng/mL), and could preserve the ovarian reserve. The women from the second group had the number of CGG repeats less than 28 or more than 36. They developed a severe form of POF, manifested by an evident decrease of AMH (0.08±0.15 ng/mL).
In the 14 women of the group B (42.45 %) the origin of disease was not clear. They had a normal number of CGG repeats in reference to the ovarian reserve, no SXCI or antiovarian antibodies. Gleicher et al. [13] and Tsigkou et al. [19] suggested that the detection of specific, as well as nonspecific auto-antibodies and immune cellular response created the condition of an "autoimmune noise", which was an independent risk factor for the development of the autoimmune form of POF. The further studies of various nonspecific auto-antibodies detection are required for better understanding of the possible causes and risk factors of POF in women without the genetic signs of the disease.
The cross-sectional design is a limitation of the study as it does not allow drawing a conclusion about the causality of autoimmune factors and POF. On the other hand, the conduction of longitudinal (cohort) study is not feasible because it takes many years and subjects to detect such a rare outcome as POF. The strength of the study is the presentation of data, including the genetic tests, of quite a big sample of POF patients from the European part of the Russian Federation. Such data are absent in the world scientific publications.
Both >36 or <28 CGG repeats in the FMR1 gene suggests the molecular-genetic form of POF, and the 28-36 triple CGG repeats may indicate the autoimmune origin of POF. This hypothesis is confirmed by the double increase of SXCI in the case of higher or lower CGG counts (31.1 % in the groups А and С vs. 15.1 % in the group В). The autoimmune-driven form of POF is milder compared to the genetic form of POF and is characterized by preservation of follicular primordial pool. Both genetic and immunological tests may help in the preclinical examination of women with POF and allow their family planning, including fertility preservation methods.
